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Abstract

Colony losses in Apis mellifera are caused by multiple stressors, among which the parasitic microsporidian Nosema
(=Vairimorpha) ceranae. As an alternative to the controversial fumagillin, sustainable control strategies based on natural
bioactive compounds are increasingly being explored. This study evaluated the efficacy of glucosinolate (GSL)-based for-
mulations derived from flowers of Eruca sativa and Reseda lutea in controlling N. ceranae infection in worker honey bees
under laboratory conditions. Freeze-dried flowers were characterized for their GSL profile and myrosinase activity, and
formulation studies were conducted to choose the best material for bioassays. Then, water-soluble GSL-enriched extracts
were produced. Cage feeding assays were performed on uninfected newly emerged bees using sugar syrup supplemented
with 2 and 4 umol g of total GSL of either formulation. Extract administration reduced food consumption and bee sur-
vival in a concentration-dependent manner compared to the control group. The lower concentration was further tested on
6-day-old bees artificially infected with N. ceranae spores, showing consumption comparable to control, but still a slight
decrease in survival. At this concentration, both E. sativa- and R. lutea-based extracts significantly inhibited N. ceranae
abundance, by 23.8 and 44.6%, respectively, with no significant difference between plant species. Isothiocyanates—the
GSL hydrolysis products—were detected in bee intestines, accumulating primarily in the hindgut and at higher levels in
bees fed with R. [utea extracts. These findings highlight the potential of floral GSL-rich formulations as natural, environ-
mentally sustainable tools to support colony health and reduce pathogen load.
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Introduction

Over the past few years, honey bee (4pis mellifera L.) popu-
lations have shown periodic declines driven by both biotic
and abiotic factors. The microsporidian Nosema (Vairimor-
pha) ceranae is currently one of the most important patho-
gens affecting adult honey bees and contributing to colony
losses. As an obligate intracellular parasite, it is remarkably
characterized by temperature plasticity, high spore produc-
tion, survival capacity (Higes et al. 2010) and adaptation to
different hosts (Nanetti et al. 2021a). It infects the epithe-
lial cells of host midgut and leads to digestive disfunction
and weakened immune response (Jabal-Uriel et al. 2022).
Chronic and asymptomatic infections can weaken colonies
by increasing forager mortality, synergically acting with
other biotic and abiotic stressors (Singh and Rana 2025).
To mitigate the impact of N. ceranae, beekeeping practices
focusing on improved nutrition, hygienic management, and
selective breeding for resistant bee strains are being explored
(Formato et al. 2022). The antibiotic fumagillin has been
widely used to control N. ceranae infections, but concerns
about its toxicity, environmental impact and resistance have
led to its ban in many countries (Botias et al. 2013). Con-
sequently, natural and sustainable alternative strategies to
control Nosema spp., including organic compounds, plant
extracts and beneficial microorganisms are gaining increas-
ing attention (lorizzo et al. 2022). The natural compound
oxalic acid, used in solution or as component of the com-
mercial product Api-Bioxal®, showed efficacy in N. cera-
nae control in both laboratory and field trials (Nanetti et
al. 2015; Cilia et al. 2020). In the same study, Cilia et al.
also evaluated the commercial product ApiHerb®, based
on Allium sativum and Cinnamomum zeylanicum extracts,
which successfully reduced N. ceranae abundance in honey
bee colonies. Probiotics and innovative approaches as RNA
interference, are emerging as promising control strategies,
especially when combined with plant extracts (Garrido et
al. 2024; Tache et al. 2025). Non-thermal atmospheric pres-
sure plasma has also shown antimicrobial potential against
N. ceranae reducing spore abundance by up to 96% and
significantly impairing their viability, cell wall integrity,
and infectivity (Boonmee et al. 2025). Natural products
and plant-based extracts continue to attract considerable
interest: propolis extracts were recently shown to reduce N.
ceranae infection and enhance honey bee immunity under
laboratory conditions (Arredondo et al. 2025) and Canna-
bis sativa (L.) inflorescences, rich in cannabinoids, showed
antimicrobial activity against N. ceranae in laboratory feed-
ing trials (Fulvio et al. 2025).

Among plants known for their bioactive molecules,
the Brassicales represent a large and economically impor-
tant order characterized by the presence of glucosinolates
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(GSLs), sulfur-containing metabolites involved in plant
defense. Following tissue disruption, GSLs are hydrolysed
by the endogenous enzyme myrosinase (MYR), into different
biologically active compounds, particularly isothiocyanates
(ITCs), the most extensively studied and largely recognized
for their antimicrobial activity against soil-borne and human
pathogens (Dufour et al. 2015; Romeo et al. 2018), but also
nitriles (NITs) and other hydrolysis products depending on
reaction conditions and GSL structure (Blazevic et al. 2017).
MYR-like activity involved in GSL hydrolysis has also been
reported in mammalian gut microbiota and have been iso-
lated from Brassica-specialist insects (Beran et al. 2014; Nar-
bad and Rossiter 2018). GSLs vary in profiles among plant
organs and are usually most concentrated in seeds. Defatted
seed meals in fact have been widely investigated for appli-
cations in different agri-food sectors (Pagnotta et al. 2022).
Previous studies, conducted at both laboratory and field lev-
els, have shown the activity of E. sativa and Brassica nigra
defatted seed meals, in whitch the single predominant GSL
is respectively 4-methylthiobutyl GSL (glucoerucin — GER)
and 2-propenyl GSL (sinigrin), in the containment of N. cer-
anae infection, while Borges et al. investigated the use of a
pure ITC, sulforaphane (SF), derived from 4-methylsulfin-
ylbutyl GSL or glucoraphanin (GRA) (Borges et al. 2020;
Nanetti et al. 2021b). Also, flowers of Brassica spp. have
recently gained attention for their bioactive content, GSLs,
phenolic compounds, and antioxidant activities (Ceslova et
al. 2023; Okumus 2024). Within the order Brassicales, E.
sativa (L.) Mill. [Eruca vesicaria subsp. sativa (Mill.) Hegi],
and Reseda lutea L., species belonging to the Brassicaceae
and Resedaceae families, respectively, are characterized by
broad pedoclimatic adaptability, high rusticity and attractive-
ness to pollinating insects, particularly honey bees (Balfour
et al. 2015; Shakeel et al. 2019). Their prolonged flowering
periods provide floral resources in Mediterranean areas from
spring (E. sativa) to late summer (R. lutea). E. sativa flow-
ers predominantly accumulated GRA and a lower percent-
age of dimeric 4-mercaptobutyl GSL (dimeric 4-MB GSL)
(Bennett et al. 2002; Pagnotta et al. 2025). The prevalent
GSL in R. lutea flowers is 2-(o-L-rhamnopyranosyloxy)
benzyl GSL with minor amounts of benzyl GSL, indol-
3-ylmethyl GSL, or glucobrassicin (GBS) and 3-hydroxy-
benzyl GSL (Radulovi¢ et al. 2014; Pagnotta et al. 2020).
Building on previous evidence supporting the efficacy of
molecules belonging to the GSL family in N. ceranae con-
tainment and considering the distinctive floral GSL profiles
of E. sativa and R. lutea as well as their ecological roles, the
present study investigated floral GSL-rich formulations for
the control of N. ceranae infection in 4. mellifera ligustica
(Spinola, 1806) under laboratory conditions. Specifically, the
aims of the study were to: (i) characterize the GSL-MYR
system in E. sativa and R. lutea flowers; (ii) find the best
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flower processing strategy to preserve intact GSLs; (iii) pro-
duce and formulate GSL-rich extracts for honey bees feeding
bioassays; (iv) evaluate bee consumption and tolerance to
the formulates; and (v) assess their protective activity in bees
artificially infected with N. ceranae.

Methods and Materials
Plant Material

At the CREA-CI experimental farm in Anzola dell’ Emilia,
Bologna, Italy (44°34°30.8"N, 11°09°55.6"E), plots of E.
sativa and R. lutea were sown in two consecutive periods:
autumn 2022 and 2023, and spring 2023 and 2024, respec-
tively. This site is in the alluvial plains of the Po Valley,
near Bologna in northeastern Italy. Seeds of both plants
were sown in three replicated plots. All agronomic prac-
tices were applied without chemical inputs (fertilization and
pesticides) throughout the vegetative cycle. A homogenous
batch of about 1 kg of E. sativa flowers was collected in
mid-April, while the same quantity of R. /utea inflores-
cences (i.e. the terminal part of the open flowers and buds)
was harvested at the end of June. The collected material
was immediately frozen at —20 °C and subsequently freeze-
dried using a DLAb 500 (Italian Vacuum Technology).
Freeze-dried material was finally ground using a laboratory
mill (Retsch ZM200) to a 500 pm grain size, and the powder
was stored in a dry environment at room temperature, until
processing and analysis.

Flower Powder Characterization

Glucosinolate Profile and Content. GSL analysis was per-
formed by extraction of the freeze-dried flower powder (100—
200 mg) with boiling 70% ethanol, followed by enzymatic
desulfation and HPLC-UV analysis of desulfated aqueous
solution according to ISO 9167:201-1 method (ISO9167-
1:1992/Amd 1:2013 1992) with some minor modifications
(Pagnotta et al. 2017). AHP 1100 Series Agilent HPLC Sys-
tem (Agilent Technologies, Santa Clara, CA, US) equipped
with a Pursuit XRs 5 C18 column (3.0x250 mm, 5 pm)
and a diode array detector was used for the analysis. The
desulfated GSLs were detected by monitoring their absor-
bance at 229 nm and were identified based on their retention
times and UV spectra using an in-house library of purified
standards (Franco et al. 2016; Pagnotta et al. 2020, 2025).
Sinigrin was used as internal standard and relative response
factors were used for quantification (Whatelet et al. 2004).
In R. lutea, a response factor of 0.5 was adopted for both
3-hydroxybenzyl GSL and O-glycosylated benzyl GSL,
according to (Pagnotta et al. 2020). In E. sativa a response

factor of 1 was adopted for the dimeric 4-MB GSL. Analy-
sis was performed in triplicate and data were expressed as
means+ standard deviation (SD).

Mpyrosinase Enzyme Activity. Total MYR activity in the
flower powder was determined using the pH-stat method
by monitoring the hydrolysis of the sinigrin (0.5 M) in an
aqueous 0.1% NaCl solution, maintained at pH 6.5 with
0.01 M NaOH, using a Mettler Toledo DL50 titrator (Fini-
guerra et al. 2001). One unit of MYR activity was defined
as the amount of enzyme that catalyzed the hydrolysis of 1
pmol of sinigrin per min per g of flower powder under the
assay conditions.

Formulation of Glucosinolate-Enriched Feed

Myrosinase Deactivation and Glucosinolate Autolysis.
Flower powders were treated in an autoclave, at 120 °C and
1 bar for 5, 10-20 min. MYR deactivation was investigated
by verifying the GSL autolysis in aqueous buffered solution,
performed according to (Pagnotta et al. 2017) with some
modifications. 0.1 and 0.2 g of R. lutea and E. sativa powder
were suspended in 2 ml and 5 ml of 50 mM K phosphate
buffer, pH 6.5, respectively and kept under agitation for 1 h,
at room temperature. The suspension was then extracted
with 2 ml of ethyl acetate by vortex agitation. The mix-
ture was centrifuged, and the upper phase was analyzed by
GC-MS as follows.

Qualitative Analysis of Hydrolysis Products by GC-MS
and Compounds Tentative Identification. A Scion GC 436
gas chromatograph coupled with a Scion SQ quadrupole
mass detector (Scion Instruments NL BV The Netherlands)
and equipped with a ZB-5MSi capillary column (30 m X
0.25 mm i.d., 0.25-um film; Phenomenex) was used. The
oven temperature was set at 60 °C and programmed to rise to
290 °C at 10 °C min~ ! and finally hold at 290 °C for 10 min.
The transfer line and the ion source were heated at 290 °C
and 220 °C respectively. Helium carrier gas had a flow of
1 ml min~ . The split injection mode (1:20) was used. The
MS spectrometer operated in electron impact mode at 70 eV,
scanning the range of 50/400 m/z, in a full scan acquisi-
tion mode. ITC and NIT identification was achieved by
comparing MS spectra with the data system library (NIST
11 MS Library), literature data and by comparing the GC
retention time and MS spectra with those of pure standard
compounds, when available. For GSL hydrolysis products
identification, GER ITC standard was produced and purified
from the GER GSL as described in (Citi et al. 2019) (>98%
w/w); GER-NIT was produced and purified from the GER
GSL as described in (Galletti et al. 2001) with a purity >95%
(w/w); benzyl ITC (BITC, 99.5% purity; Sigma—Aldrich)
and benzyl NIT (BNIT, >99% purity; Sigma-Aldrich) com-
mercial standards were used for comparison of GC and MS
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characteristics. SF, SF NIT, dimeric 4-MB ITC, 4-(mer-
capto)butyl ITC (4-MB ITC), 2-(a-L-rhamnopyranosyloxy)
BITC, GBS NIT, dimeric 4-MB NIT were tentatively iden-
tified by comparison of MS spectra with spectra reported
in NIST library and/or literature; 3-hydroxyBITC and
3-hydroxyBNIT MS spectrum were neither present in library
(recognized as 4-hydroxyBITC and NIT) nor were found in
literature and they were tentatively identified speculating
on the original GSL composition of R. Lutea flower, and
comparing with the spectrum of 3-methoxyBITC and NIT
found in NIST library (see Formulation Tests, Results sec-
tion). 2-(a-L-rhamnopyranosyloxy)BNIT was tentatively
identified by comparing chromatograms of autolysates in
different conditions, since the molecule’s spectrum does not
appear in the NIST library or the literature to date, and there
are no analytical reference standards available. Spectra cor-
respondence was also confirmed by the machine learning
tool Competitive Fragmentation Modeling for Metabolite
Identification (CFM-ID 4.0) (Bremer et al. 2022). Data were
expressed as percentage of total peak area.

Additional Investigations for Compound Identification.
Reduction of dimeric 4-MB ITC to 4-MB ITC was per-
formed by adding 5 mg ml™! of tris(2-carboxyethyl) phos-
phine hydrochloride (TCEP, Sigma-Aldrich) (Bennett et
al. 2002). NITs production was confirmed by autolysis of
untreated flowers in the presence of an aqueous solution of
0.1 M FeSO, 0.1 M (Wittstock and Burow 2007).

Eruca sativa and Reseda lutea Flowers Extract Produc-
tion. To produce floral extracts enriched in GSLs, the prepa-
ration procedure by Gambari et al. was followed with some
modifications (Gambari et al. 2024). The freeze-dried and
ground flowers were weighed and gradually added to 30%
ethanol (1:5 w/v) at 90 °C under agitation. The mixture was
homogenized with an Ultra-Turrax T25 (IKA) instrument
for 15 min and cooled in an ice bath. The cooled product
was then transferred into 500 ml centrifuge tubes, subjected
to sonication for 45 min and followed by centrifugation at
30,100 g at 10 °C, for the same duration. Afterward, the
supernatant was paper-filtered, concentrated to 20% of its
initial volume using a Rotavapor at 40 °C, and freeze-dried.
The obtained powder was homogenized by mortar grinding,
hermetically closed in vials and stored at —20 °C until use.
The GSL content of these freeze-dried extracts was deter-
mined by solubilizing 40 mg in 10 ml of distilled water and
analyzing the solution by desulfation and HPLC-UV analy-
sis as described above.

Feed Formulation in Sugar Syrup and Glucosinolate Sta-
bility. The freeze-dried extracts from E. sativa and R. lutea
flowers were added, at a concentration of GSLs of 2 and
4 umol g, to the commercial syrup solution Fruttosweet
45 (A.D.E.A. S.1.1., Busto Arsizio, Italy) diluted in water to
58.5% of carbohydrate content. According to the label, the
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syrup composition was as follows: fructose (45%), glucose
(24%), disaccharides (15%), trisaccharides (8%), and other
sugars (8%), expressed as a percentage of dry matter. Syrup
and extracts were mixed and then sonicated until the extracts
were completely dissolved. The solution was then stored in
a covered beaker at 33 °C, and its GSL content was checked
at the time of preparation and after 3 days. GSL analysis was
performed by extracting the syrup in 70% ethanolic solu-
tion at 85 °C (2:3 w/v). An aliquot of 1 ml was subjected to
the desulfation step and HPLC-UV analysis, as described
above. Analysis were performed in triplicate and data were
expressed as means+standard deviation (SD).

Feeding Trials

Source of Honey Bees. The study was conducted in the
summer of 2024. Three asymptomatic, fully developed A.
mellifera ligustica colonies were selected from the experi-
mental apiary of CREA-AA in Bologna (44°31°27.8"N
11°20°57.8"E). Each of them provided two combs of hatch-
ing brood, which were incubated for 24 h at 34 °C to allow
the emergence of new worker bees.

Palatability and Tolerability Trial. Formulated syrups
described above were tested in feeding trials to assess food
consumption, as an indicator of food palatability, and bee
survival. Freshly hatched bees were distributed in plastic
cages (10x11x5.5 cm), with transparent walls and a per-
forated lid to fit a syringe. About 40 bees were placed in
each cage and randomly assigned to 5 groups: control group
(C), receiving sugar water solution only, and the other four
groups receiving the syrup supplemented with E. sativa (E)
or R. lutea (R) floral extracts at 2 (E2 and R2) or 4 umol
g ! of total GSLs (E4 and R4). Syrup was distributed in
5 ml needle-free syringes. Three replicates for each treat-
ment were set up in parallel. Then, bees were fed ad libitum
and incubated at 33 °C throughout the trial, which lasted 15
days. The food was completely replaced every three days.
The quantity of food consumed was calculated based on
weight difference of the feeders. On the same dates, dead
bees were counted and removed from the cages to check for
mortality/survival. The average cumulative individual GSL
intake was calculated by multiplying the average cumula-
tive food intake by the corresponding GSL concentrations.
Living bees were sampled from single cages on day 2 (n=06)
and day 6 (n=5) and sacrificed. Their midgut and hindgut
were then dissected, promptly frozen into liquid nitrogen,
and stored at —80 °C until ITC analysis.

Isothiocyanate Analysis in Bee Intestines. ITC quantifi-
cation was performed by extraction of intestines with cold
methanol followed by the cyclocondensation assay with
1,2-benzenedithiol as described in (Nanetti et al. 2021b). The
cyclocondensation product, the 1,3-benzodithiole-2-thione,
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was analyzed using a Hewlett-Packard chromatograph 1100,
equipped with a diode array detector and a Zorbax SB-C18
column (150 x4.6 mm, 3.5 um; Agilent Technologies Santa
Clara, CA, USA), thermostated at 30 °C. An external cali-
bration curve was generated using methanolic solutions
of pure GER ITC and BITC to obtain the cyclocondensa-
tion products for ITC content estimation in bees fed with
E. sativa and R. lutea extracts respectively. Results were
reported as means+standard deviation (SD) and expressed
as pmol mg ™! of total ITCs in intestines tissues.

Nosema ceranae Infection Trial

Honey bee Infection and Experimental Design. For the N.
ceranae infection trial, newly emerged bees were transferred
into a perforated plastic container, where syringes filled
with a 1:1 (w/w) aqueous sugar syrup solution were added
and left in an incubator at 33 °C for 5 days, providing food
ad libitum. N. ceranae spores, purified with 95% isotonic
Percoll and confirmed by PCR (Urbieta-Magro et al. 2019),
kindly provided by the team at the Centre for Apicultural
and Agro-Environmental Research in Marchamalo (Spain),
were used for the infection of bees. Six-day old bees were
used in this trial to ensure correct inoculum assumption dur-
ing artificial infection (Nanetti et al. 2021b). An aliquot of
purified spores was mixed with a 1:1 (w/w) aqueous sugar
syrup solution to achieve a concentration of 20,000 spores
ul~!. Bees were starved for 2 h, then removed from the incu-
bator and anesthetized with a 40/60% (v/v) air-CO- mixture
for few minutes. The infection procedure was adapted from
(Porrini et al. 2020) with some modifications. Briefly, bees
were introduced into the wells of racks for 2 ml tubes, and
a perforated plug applied to the open end. The tip of a 10 pl
pipette was shortened to facilitate access to the syrup and
inserted into the hole. Each bee received 5 pl of the sus-
pension above, corresponding to 100,000 spores. Bees that
did not consume the food after one hour were discarded.
After inoculation, infected bees were randomly assigned to
different cages until the required sample size was reached
(N=30) (Nanetti et al. 2021b). The cages were then placed
in an incubator at 33 °C and fed with simple sugar syrup for
24 h before treatment administration. Feeding with extracts
started one day post-infection (d.p.i.). Treatments included
2 treated groups fed with extract-supplemented syrups at 2
umol g~ ! of GSL for both E. sativa and R. lutea (E2, R2)
and a control group (C) with only syrup. Each treatment was
replicated three times in parallel. When possible, five bees
per cage were sampled at 3, 6, 8, 10 and 13 d.p.i., imme-
diately frozen in liquid nitrogen and stored at -80 °C for
molecular analysis of N. ceranae infection. Also, food con-
sumption and tolerability were assessed in the three groups
as described above.

DNA Extraction and gPCR of Nosema ceranae. Individu-
ally collected bee abdomens were homogenized in ultrapure
water with a Tissue Lyser II (Qiagen, Hilden, Germany)
at 30 Hz with a mixture of glass (425-600 um) and stain-
less-steel beads (3 mm) as described by (Cilia et al. 2019).
Extraction of total DNA from homogenates was performed
using the Quick-DNA Microprep Plus Kit (Zymo Research,
Irvine, CA, USA) following the manufacturer’s instructions
for solid tissue processing, with minor modifications (Cilia
et al. 2018). To quantify the copies of N. ceranae genome,
a quantitative PCR analysis was carried out on DNAs using
primers and probes specific to N. ceranae Heat-shock pro-
tein 70 (Hsp 70) gene following the protocols reported in
(Cilia et al. 2018). Quantification of N. ceranae DNA copy
number was obtained using the standard curve previously
constructed by amplifying the N. ceranae-specific DNA
fragment diluted serially from 1x10° to 1x10° copies as
described in (Ugolini et al. 2021a). All analyses were con-
ducted on two technical replicates.

Statistical Analysis

Statistical analysis was conducted using R software(R Core
Team 2025) considering P<a=0.05 for all tests. The data
on GSL stability in the syrup were analyzed using Student’s
t-test. Analysis of food consumption was performed apply-
ing a repeated measures ANOVA and a linear mixed-effects
model using the Ime function from the nlme package in R
(Pinheiro and Bates 1999). Post-hoc comparisons of time
trends across treatments and of food consumption at the final
time point (15 days of treatment) were conducted using esti-
mated marginal means and pairwise contrasts with Tukey
adjustment for multiple testing (emmeans package) (Searle
et al. 1980). The same methodology was applied for GSL
intake analysis excluding C group where GSLs were not
present. The Kaplan-Meier method was used to estimate the
bee survival % in time, and the long-rank/Mantel-Cox test
was performed to compare the survival distribution between
the groups (survival and survminer packages) (Therneau
2001; Kassambara et al. 2016). The Hazard Ratios (HR)
was calculated by the Cox Proportional Hazards model
(survival packages). The sampled individuals were consid-
ered as right-censored observations. The data on ITC detec-
tion in bee guts was analyzed using a factorial ANOVA on
log,,-transformed ITC concentrations to meet normality
assumptions (Shapiro-Wilk and Levene’s test). Post-hoc
comparisons were conducted as for food consumption. N.
ceranae number of copies overtime were analyzed using a
general linear model on log;,-transformed number of cop-
ies to meet normality assumptions and comparisons among
treatment levels were conducted using Newman-Keuls pair-
wise post-hoc test (Agricolae 2006). N. ceranae number of
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copies was compared at the end of the trials (time 10 dpi)
by an ANOVA and post-hoc pairwise comparisons using the
Least Significant Difference (LSD) test. The packages dplyr
and ggplot2(Wickham et al. 2014; Wickham 2016) were
used for data manipulation and visualization, respectively.

Results

Characterization of the Glucosinolate-Myrosinase
System in Eruca sativa and Reseda lutea Flowers

GSL profile and quantitative composition in E. sativa and R.
lutea flowers were investigated. Total GSLs content was 47.2
and 132.0 umol g ! for E. sativa and R. lutea, respectively.

The main compound in E. sativa flowers was GRA, 28.2
pmol g~ ! (59.7% of total GSLs), followed by dimeric 4-MB
GSL, 17.4 pmol g ! (36.9%) and a small amount of GER,
1.7 umol g~ ! (3.6%). R. lutea flowers contained more than
twice the total content of GSLs than E. sativa, mainly com-
posed of 2-(a-L- rhamnopyranosyloxy)benzyl GSL, 100.6
umol g~ ! (76.2%) with comparable proportions of benzyl
GSL, 12.1 umoli g~ ! (9.2%), GBS, 8.6 umol g~ ! (6.5%),
and 3-hydroxybenzyl GSL, 10.6 pumol g ! (8.0%). Repre-
sentative HPLC-UV chromatograms of E. sativa and of R.
lutea flower desulfated GSLs is reported in Supplemental
materials Fig. S1.

MYR activity was detected in both flower powders, but
R. lutea showed substantially higher activity, 23.4+0.6 U,
compared to E. sativa, 5.9+0.7 U.

Formulation Tests

Flower Deactivation of Myrosinase: Impact on Glucosin-
olate and Glucosinolate Hydrolysis Product Profiles. To
explore the possibility of using intact flower powders for
formulation development while preventing GSL hydrolysis,
MYR deactivation tests were conducted by treating flowers
in autoclave at 120 °C and 1 bar, for different times (5-10-
20 min). GSLs in treated E. sativa and E. lutea flowers were
quantified and residual GSL % is shown in Tables 1 and 2
respectively.

Autoclave treatment determined a consistent loss in total
GSLs in E. sativa flowers, which decreased to 15.1 pmol g~ !
as soon as after 5 min of treatment (—68.0%) and became

Table 1 Residual Glucosinolate (GSL) % of Eruca sativa freeze dried
flowers after treatment in autoclave at 120 °C and 1 bar for 5-10-20 min

GSL S5min (%)  10min(%) 20 min (%)
GRA 326 13.5 2.8
GER 294 353 11.8
dimeric4 MBGLS  31.0 132 0.0
Total 32.0 14.2 2.1

Table 2 Residual Glucosinolate (GSL) % of Reseda lutea freeze dried
flowers after treatment in autoclave at 120 °C and 1 bar for 5-10-20 min

GSL 5 min (%) 10in (%) 20 min
(%)
Benzyl GSL 34.7 26 30.7
2-(a-thamnosyloxy)benzyl)  67.1 47.5 433
GSL
GBS 25.6 19.8 5.9
3-OH-benzyl 74.5 57.6 33.0
Total 61.2 43.9 39.2

more severe over time. The treatment affected single GSLs
in a similar way (about 30% loss in 5 min of teatment). In
R. lutea, autoclave treatment was less detrimental than in E.
sativa, nevertheless it determined a decrease of total GSL
content to 81.7 and 58.7 umol g ', in 5 and 10 min respec-
tively (-38.8 and 56.1%), more marked for the Benzyl GSL
and the GBS (about 70% loss in 5 min of treatment).

To verify the extent of MYR deactivation by autoclave
treatment and its effect on GSL hydrolysis, autolysis of the
flower powders, before and after thermal deactivation, was
carried out and possible GSL degradation products were
qualitative detected by GC-MS analysis. Autolysis was per-
formed under different conditions and results obtained from
E. sativa are reported in Table 3.

Compound peak GC retention time (GC tg), the mass
spectra (MS) peak composition and the identification
method (ID) are reported in Supplemental materials Table
S1, while GC chromatograms and MS spectra are reported
in Supplemental Fig. S2-S3.

The GC chromatogram of the autolysis products formed
from the thermally untreated E. sativa flowers showed the
dimeric 4-MB ITC, derived from the corresponding dimeric

Table 3 GSL hydrolysis products formed by Eruca sativa flow-
ers autolysis conducted under different conditions and analyzed by
GC-MS. Autolysis was performed on flower powders: (1) as such; (2)
in presence of tris(2-carboxyethyl) phosphine hydrochloride (TCEP);
(3) deactivated by autoclave treatment (5 min at 120 °C and 1 bar); (4)
in presence of FeSO,. % area of the compound peaks is reported. Glu-
coerucin (GER); sulforaphane (SF); 4-(mercaptobutyl)isothiocyanate
(4-MB ITC), 4-(mercaptobutyl)nitrile (4-MB NIT), bis(4-isothiocy-
anatobutyl)disulfide (dimeric 4-MB ITC), bis(cyanatobutyl)disulfide
(dimeric 4-MB NIT), isothiocyanate (ITC), nitrile (NIT)

Autolysis conditions (% peak area)

Compounds Non-  Non- deacti- Deac- Non- deac-
deacti- vated flow-  tivated  tivated
vated erstTCEP  flowers, flow-
flowers 5 min ers+FeSO,

Dimeric 4-MB ITC 46.0 13.4 - -

SF 25.5 4.25 - -

GERITC 2.57 3.16 - -

4-MB ITC - 16.34 - -

Dimeric 4-MB NIT - - 16.06 12.88

SF NIT - - 1.30 0.82

GER NIT - - 4.8 2.39
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4-MB GSL, as the main compound. SF, the ITC derived
from GRA, was detected, with a smaller peak area in com-
parison to the dimeric 4-MB ITC. A small peak of GER
ITC, derived from GER, was also found (Table 3, Supple-
mental Fig. S2 A — S3). The autolysis of E. sativa flowers
in the presence of the reducing agent TCEP brought to the
detection of a new peak (tg 9.9 min), with mass spectrum
corresponding to the previously reported spectrum of the
monomeric 4-MB ITC, derived from the dimeric 4-MB
GSL(Cerny et al. 1996; Chiang et al. 1998; Bennett et al.
2002; Raffo et al. 2018; Fechner et al. 2018) (Table 1, Sup-
plemental Fig. S2 B — S3). No 4-MB ITC was found in the
autolysis of unprocessed E. sativa flowers, as expected from
the GSL profile of the flowers, which showed the presence
only of the dimeric 4-MB GSL (Table 1). When E. sativa
flowers had been treated by autoclave, no ITCs, but NITs
were found, with the prevalence of the Dimeric 4-MB NIT
(Table 3, Supplemental Fig. S2 C — S3). Autolysis on ther-
mally untreated E. sativa flowers, in the presence of FeSO,,
led to the production of NITs with a similar trend. Indeed,
GER NIT was identified by comparison with a pure stan-
dard while SF NIT and dimeric 4-MB NIT were putatively
identified based on new peak occurrence evaluation com-
paring chromatograms obtained from autolysis in presence
or absence of FeSO, and literature data (Table 3, Supple-
mental Fig. S2 D — S3). No ITCs were found.

Results obtained by R. lutea autolysis experiments are
reported in Table 4.

Compound peak GC retention time (GC tg), the mass
spectra (MS) peak composition and the identification
method (ID) are reported in Supplemental materials Table
S2, while GC chromatograms and MS spectra are reported
in Supplemental Fig. S4-S5.

The GC chromatogram from the non-thermally deac-
tivated R. lutea flower autolysis indicated that 2-(a-L-
rhamnopyranosyloxy)BITC was the main peak, as the
corresponding GSL is prevalent in the flower GSL profile
(Radulovi¢ et al. 2014). BITC, the hydrolysis product of

benzyl GSL, was also found (Table 4, Supplemental Fig.
S4 A — S5). The MS spectrum of the hydrolysis product
3-hydroxyBITC was neither present in NIST library nor
reported in literature. One chromatogram peak (tg 14.1 min)
was tentatively assigned to 3-hydroxyBITC, based on the
MS spectrum of 3-methoxy BITC available in the NIST
library, whose main fragments corresponded to the same
main fragments plus 14 u of the additional methyl group.
CFM-ID 4.0 predicted spectrum also confirmed the struc-
ture (Bremer et al. 2022). The GBS ITC was not detected.
Similarly to E. sativa, in R. lutea flower powders subjected
to autoclave treatment for 10 min and autolysis, NITs were
produced. BNIT, presence was confirmed by the authentic
standard, and GBS NIT was recognized by NIST library and
compared with literature data (Table 4, Supplemental Fig.
S4 B and C — S5). The 2-(a-L-rhamnopyranosyloxy)BNIT
and 3-hydroxyBNIT MS spectra were neither present in
NIST library nor reported in literature and were tentatively
identified by comparing peak chromatograms of treated
and untreated samples and CFM-ID 4.0 predicted spectra
(Bremer et al. 2022) (Table 4, Supplemental Fig. S4 B and
C— S5). 3-hydroxyBNIT was also assigned referring to the
3-methoxy BNIT spectrum available in the NIST library, as
for the 3-hydroxyBITC (see above). The autolysis of non-
deactivated R. lutea flowers in presence of FeSO, led to the
production of NITs (Table 4, Supplemental Fig. S4 D — S5).
Differently from E. sativa flowers, autolysis of 5 min-treated
R. lutea flowers resulted not only in the detection of NITs,
but also in the production of 2-(a-L-rhamnopyranosyloxy)
BITC (Table 4, Supplemental Fig. S4 B).
Glucosinolate-Enriched Extract Production from Eruca
sativa and Reseda lutea Flowers and Formulation in Sugar
Syrup. Due to the loss of GSLs and NITs production dur-
ing autoclave flower deactivation and to overcome GSL
hydrolysis by MYR in formulation development, an extract
enriched in GSLs was produced by hot ethanolic extraction
from flower powder. E. sativa and R. lutea yield of total
GSL extraction was 56.5% and 45.8% of the GSL flower

Table 4 GSL hydrolysis products formed by Reseda lutea flowers autolysis conducted under different conditions and analyzed by GC-MS. Autoly-
sis was performed on flower powders: (1) as such; (2) and (3) deactivated by autoclave treatment for 5 and 10 min at 120 °C and 1 bar, respectively;
(4) in presence of FeSO,. % area of the compound peaks is reported. Benzyl (B), isothiocyanate (ITC), nitrile (NIT), indol-3-ylmethyl- (GBS)

Autolysis conditions (% peak area)

Compounds Non- deactivated Deactivated flowers, Deactivated flowers, Non- deac-
flowers 5 min 10 min tivated

flow-
ers+FeSO,

2-(a-L- rhamnopyranosyloxyl)BITC 44.85 18.6 - 22.93

BITC 6.52 - - -

3-hydroxyBITC 2.51 - - -

2-(a-L- rhamnopyranosyloxyl)BNIT - 26.44 8.84 34.82

BNIT - 3.36 5.48 6.85

3-hydroxyBNIT - 11.80 5.83 7.38

GBS NIT - 3.64 2.32 4.92
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Table5 Glucosinolate (GSL) content (umol g~ ) of Eruca sativa freeze
dried flower extract. 4-methylsulfinylbutyl GSL (GRA); 4-methylthio-
butyl GSL (GER); dimeric 4-mercaptobutyl GSL (dimeric 4-MB GSL)

GSL (umol g )
GRA 749+2.2
GER 3.2+0.1
Dimeric 4-MB GSL 27.1+0.5
Total 105.2+1.8

Table 6 Glucosinolate (GSL) content (umol g ') of Reseda lutea
freeze dried flower extracts. Indol-3-ymethyl GSL (GBS)

GSL (umol g )
Benzyl GSL 7.1+0.1
2-(0-L- thamnopyranosyloxyl) benzyl GSL 161.0+£2.1
GBS 11.3+£1.5
3-hydroxybenzyl GSL 19.7+0.1
Total 199.2+3.0

content, respectively. Results of qualitative and quantitative
analysis of the GSL content in the flower extract are shown
in Tables 5 and 6 for E. sativa and R. lutea respectively.

The GSL content in the extract was more than double that
of the intact flowers in E. sativa, whereas it was slightly less
than doubled in R. lutea. Compared to the composition of E.
sativa flowers, the extract had a higher % of GRA (71% vs.
60%) and a lower % of dimeric 4-MB GSL (26% vs. 37%).
In R. lutea, the GSL % composition in the extract did not
differ substantially from that of the flowers. A comparative
summary plot of GSL content and composition in E. sativa
and R. lutea flowers and extracts is shown Fig. 1.

Extracts were solubilized in diluted sugar syrup (Frut-
tosweet®™) at 2 and 4 pmol g~ ! of total GSLs and GSL
stability after three days of storage at 33 °C was verified.
No statistical evidence (P<0.05) of GSL degradation was
observed within the 3 days observation period (Supple-
mental Table S3 and S4 for E. sativa and R. lutea extracts
respectively).

250
_— E. sativa Flowers W E. sativa Extracts
2 150
(@]
£
= 100
w
3]
50
. _ ]
GRA GER Dimeric 4- Total
MB GSL

Palatability and Tolerability Trial

Food and Glucosinolate Consumption. Syrup formulations
with extracts at two GSL concentrations (2 and 4 pmol g~ ')
were evaluated for their palatability, reflected by food con-
sumption, and tolerability to new-born worker honey bees.

Results reporting individual bee cumulative food intake
are shown in Fig. 2, a.

Food consumption significantly increased with time
(F(1,153)=5469.117, P<0.001), as expected, and the
kind of food significantly influenced the individual food
consumption (F(4,153)=37.042, P<0.001). The effect
of different foods changed with time (F(4,153)=24.769,
P<0.001). Pairwise comparisons of the slopes revealed
that: C had a significantly steeper increase in consump-
tion over time compared to all other treatments (E2, E4,
R2, R4, P<0.001); R2 consumption was significantly
greater than that for R4 and E4 (P<0.05); E2 had higher
values than R4 (P<0.05); there was no statistical differ-
ence between E2 vs. R2 and E4, or E4 vs. R4. Taking
into account only the final point of the assay, at 15 days
of treatment, the Tukey HSD post-hoc results showed that
total food consumption in group C (337.4 mg/bee) was
significantly higher than all treated groups, R4 and E4
consumption (246.2 and 231.8 mg/bee respectively) were
lower than R2 (279.7 mg/bee) (P<0.05), while no differ-
ence was found between E2 (265.6 mg/bee) and E4, R2
and R4, nor between E4 and R4.

Considering GSL intake (Fig. 2, b) there were signifi-
cant effects for treatment (F(3,122)=344.56, P<0.001),
time (F(1,122)=3580.50, P<0.001), and their interaction
(F(3,122)=86.25, P<0.001). Tukey post-hoc pairwise
comparisons among treatment groups revealed in both the
analyses of GSL intake over time and at the final point no
statistical difference between treatments at the same con-
centrations, while both E2 and R2 showed significantly

R. lutea Flowers B R. lutea Extracts

Benzyl GSL 2RAM GSL GBS 3-OHbenzyl Total
GSL

Fig. 1 GSL content (umol g~ ') and composition of Eruca sativa and Reseda lutea flowers and extracts. 2-(a-L- rhamnopyranosyloxy)benzyl GSL

(2RAM GSL); 3-hydroxybenzyl GSL (3-OHbenzyl GSL)

@ Springer



Journal of Chemical Ecology (2026) 52:63

Page9of 15 63

300
o
[0]
2

S 200
E
el
o]
(o]

L 100

0

4 8 12
Time (days)

Fig. 2 Cumulative individual food consumption of bees fed with dif-
ferent kinds of food, expressed as mg/bee (a), and relative cumulative
individual GSL intake, expressed as umol/bee (b). Vertical bars indi-

1.00
%E —F
0.80- E2
= E4
3 R2
< 0601 = ea
©
2
>
5 0.40-
3o
0.20-
I
it
0.00-
0 10 20 30
Time (days)

Fig.3 Kaplan-Meier survival curves for bees of control (C) and treated
groups at 2 (E2, R2) and 4 (E4, R4) umol g~ ! of GSLs concentration in
sugar syrup. Crosses indicate right-censored cases. The solid lines rep-
resent the estimated survival probabilities (%) over time; the shaded
areas indicate the 95% confidence intervals for each group

lower values compared to E4 and R4 (P<0.001). Although
food consumption decreased at higher concentrations, GSL
intake in E4 and R4 still exceeded that in E2 and R2.

Bee Survival. The Kaplan-Meier method was used to
estimate the percentage (%) of bees that survived over time
(days of feeding) for the five groups and the obtained curves
are reported in Fig. 3.

Overall, the Cox regression model indicated that the kind
of treatment had a significant effect on bee survival (Score
log-rank test=417.7 on 4 df, P<0.001).

The pairwise test showed a significant difference between
survival of C and treated groups at both concentrations
(C-E2, score log-rank test=149.9 on 1 df, P<0.001; C-R2
score log-rank test=172.4 on 1 df, P<0.001; C-E4 score
log-rank test=188.2 on 1 df, P<0.001; C-R4 score log-
rank test=189.9 on 1 df, P<0.001). There was a significant

. GSLs (umol/bee)

1.00

075
0.50
0.25
0.00
4 8 12
Time (days)

cate standard deviation. Eruca sativa and Reseda lutea extracts at 2
and 4 pmol g~! of GSL (E2-E4, R2-R4); control with sugar syrup (C)

Table 7 Hazard ratio (HR) confidence interval (CI)

Groups HR 95% CI P-value
C _ _

E2 18.4 10.0,33.7 <0.001
E4 87.2 46.5,163 <0.001
R2 35.1 18.9,65.2 <0.001
R4 109 57.5,205 <0.001

difference also between the two concentration curves of
the same extracts (E2-E4, score log-rank test=101.6 on 1
df, P<0.001; R2-R4, score log-rank test=45.09 on 1 df,
P<0.001) and between the lower concentrations of the two
different extracts (E2-R2, score log-rank test=23.58 on 1
df, P<0.001), where the R2 extract had a higher impact on
bee survival compared to E2, at the lower concentration.
Instead, at the highest concentration there was no significant
difference between the bee survival of E4 and R4 groups.

The restricted mean survival time calculated for the indi-
vidual groups is reported in Supplemental materials (Sup-
plemental Table S5).

The ratio of hazards (HR) between the hazard rate of
treated groups and control, was also determined (Table 7).

The HR>1 shows how treatments E and R, at any con-
centration, significantly increased hazard of death of bees
compared to C.

Isothiocyanate Detection in Gut. ITCs and possible
ITC-adducts were found in the midgut and hindgut of both
treated groups as early as two days after extracts administra-
tion (Fig. 4).

The ANOVA on log-transformed ITC values revealed
that treatments (F(1, 32)=31.09, P<0.001), gut region
(F(1, 32)=31.50, P<0.001) and time (F(1, 32)=43.00,
P<0.001) significantly influenced ITC concentration,
while the effect of the extract concentration was not sig-
nificant. Moreover, the effect of the treatment changed
with the extract concentration (F(1, 32)=5.19, P=<0.05)
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and time (F(1, 32)=7.95, P<0.05). R groups generally il
showed higher ITC values compared to E groups, the
hindgut group displayed higher ITC values than midgut .
and ITC accumulated with time. Results revealed that ITC § e
concentrations in the hindgut of bees fed with R. lutea oe
and sampled at 6 days exhibited the highest values. Con- E 1507
versely, bees treated with E. sativa and sampled at 2 days 38
exhibited, in the midgut, the lowest values. ITC analysis & %07
was performed in control bee intestines too, but no ITC
was found. Considering the GSL intake recorded during 501
the 24 h prior to sampling and the ITC amounts quantified

in the entire gut (hindgut+midgut), the calculated GSL-
ITC conversion rates were 3.6% and 4.1% for the E2 and
E4 samples, and 12.4% and 7.5% for the R2 and R4 in
samples after 2 days of feeding. After 6 days 3.2 and 3.5%
of the ingested GSLs were converted in ITCs for E2 and
E4, and 11.2% and 5.4% for R2 and R4 respectively.

Nosema ceranae Trial

The lowest concentration tested during the food consump-
tion and tolerance trials (2 pmol g ' of GSL) was selected
to evaluate the effect of the extracts on N. ceranae bee
infection. Treatment began at 1 d.p.i. and food consump-
tion, and tolerability evaluations were repeated at the assay
conditions.

Food Consumption. Bee cumulative food consumption
recorded for the three treatment groups is reported in Fig. 5.

The repeated measures ANOVA did not show any signifi-
cant effects of treatments on cumulative food consumption
nor on treatment X time interaction, suggesting that differ-
ences among treatments did not vary over time. As expected,

@ Springer

Time (d.p.i.)

Fig. 5 Cumulative individual food consumption overtime (days post
infection, d.p.i.) of bees fed with different kinds of food (C, E2, R2),
expressed as mg/bee. Vertical bars indicate standard deviation. Eruca
sativa and Reseda lutea extracts at 2 pmol g ' of GSL (E2 and R2);
control with sugar syrup (C)

a significant effect of time was observed (F(7, 42)=431.44,
P<0.001), indicating that consumption increased over the
measurement period.

At the end of the trial, at 13 d.p.i., mean individual cumu-
lative consumption was 234.42+8.45 mg/bee (mean+SD)
for C, 229.12+45.07 mg/bee for E2, and 216.75+6.10 mg/
bee for group R2. No significant differences between groups
were detected. GSL intake trend reflected those of food
consumption as GSL were tested at a single concentration.
Cumulative GLS intake at 13 d.p.i. was 0.46 and 0.43 pmol/
bee for E2 and R2 respectively.

Bee Survival. Treatments influenced bee survival as
described in Fig. 6.
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Fig.6 Kaplan-Meier curves for infected bees of control (C) and treated
groups (E2, R2). Crosses indicate right-censored cases. The solid lines

represent the estimated survival probabilities (%) over time; the shaded
areas indicate the 95% confidence intervals for each group

Table 8 Hazard ratio (HR), confidence interval (CI)

Groups HR 95% CI P-value
C _ _

E2 6.84 3.11,15.0 <0.001
R2 7.49 3.36, 16.7 <0.001

Overall, the Cox regression model indicated that the kind
of food had a significant effect on bee survival (Score log-
rank test=33.3 on 2 df, P<0.001).

The pairwise test showed a significant difference between
C and both E2 (Score log-rank test=26.76 on 1 df, P<0.001)
and R2 (Score log-rank test=26.31 on 1 df, P<0.001) sur-
vival, while there was no significant difference between the
two treatments E2 and R2.

Fig. 7 Variation in time (days
post-infection, d.p.i.) of Nosema

ceranae copy numbers in honey 1.5e+07
bees across treatment groups (C, h
E2, R2). Time 0 corresponds to [
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The restricted mean survival time calculated for the indi-
vidual groups is reported in Supplemental materials (Sup-
plemental Table S6).

Hazard ratio (HR) was calculated and showed that E2
and R2 had a significantly higher hazard of death than C
(Table 8).

Effects of Treatments on Nosema ceranae Infection. The
results obtained for the log,-transformed N. ceranae copy
numbers detected by qPCR determined overtime in the three
treatment groups are reported in Fig. 7.

The analysis revealed a statistically significant effect
of treatment (F(2,167)=3.64, P<0.05) and of time
(F(1,167)=461.94, P<0.001). Post-hoc comparisons
among treatment levels in time showed that the R2 group
had the lowest infection level, significantly different from C
(P<0.05), while the E2 group was not significantly different
from either C or R2.

At the end of the trial E2 and R2 treatments determined a
significant inhibition of N. ceranae load by 23.8 and 44.6%
respectively, compared to C (C-R2 and C-E2, P<0.05),
while difference between treatment was not significant.

Discussion

Defatted seed meals of E. sativa and B. nigra, biomasses
notably concentrated in GSLs, were previously tested
as food supplements to control bee N. ceranae infection
(Nanetti et al. 2021b; Ugolini et al. 2021a). In the present
study, flowers of E. sativa and R. lutea were selected for
their distinctive GSL profile, and high total GSL concentra-
tions were found too. In particular, the flowers of R. lutea
exhibited total GSL content comparable to that of defatted

25 5.0 75 10.0
Time (d.p.i.)
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seed meals used in agricultural applications (Ugolini et al.
2021b). By contrast, mature seeds of R. /utea have previ-
ously been found to contain very low levels of GSLs (Pag-
notta et al. 2020).

The use of intact freeze-dried E. sativa and R. lutea
flowers for formulation development was explored. MYR
activity was detected in flowers of both species, therefore,
enzyme heat-deactivation was attempted to prevent GSL
hydrolysis in the presence of water and avoid the produc-
tion of high concentrations of hydrolysis products, ITCs in
particular, which may act as deterrent to bees and inhibit
feeding (Borges et al. 2020). Autolysis experiments per-
formed on non-deactivated and thermally deactivated mate-
rial showed the production of ITCs and NITs, respectively,
which largely reflected the floral GSL profiles, with some
exceptions. In non-deactivated E. sativa flowers, SF was not
the predominant hydrolysis product despite precursor GRA
being the main GSL identified in the flowers, but since SF
is considered a labile compound susceptible to thermal deg-
radation during GC analysis (Bennett et al. 2002; Raffo et
al. 2018; Fechner et al. 2018) its contribution to hydrolytic
profile may have been underestimated. In thermally deacti-
vated E. sativa flowers, no ITCs were detected, confirming
complete MYR inactivation after only 5 min of autoclave
treatment. In contrast, NITs production was observed, likely
resulting from chemically promoted GSL degradation due to
the combined effects of temperature and pressure (Hanschen
et al. 2018). Overall, GSL analysis of deactivated flowers
confirmed a substantial reduction in GSL content after treat-
ment. In R. lutea, all ITCs corresponding to the identified
GSLs were detected following autolysis of non-deactivated
flowers, except for the ITC derived from GBS. Although
GBS is typically hydrolysed by MYR into its corresponding
ITC, this compound is chemically unstable and rapidly con-
verts into products such as 3,3'-diindolylmethane, indole-
3-carboxaldehyde, and ascorbigen, which are not detectable
by GC-MS analysis (Karanikolopoulou et al. 2021). Unlike
E. sativa, complete MYR deactivation in R. [utea required a
longer treatment time (10 min), as autolysis of 5 min-treated
flowers still produced the 2-(o-L-rhamnopyranosyloxy)
BITC. The higher MYR activity observed in R. lutea flow-
ers may explain this behavior. As in E. sativa flowers, auto-
clave treatment resulted in a substantial loss of GSL content.
In both E. sativa and R. lutea, NIT identification was further
confirmed by performing autolysis on non-thermally treated
flowers in the presence of FeSO., which is known to shift
MYR-mediated GSLs hydrolysis toward NITs production
rather than ITCs (Wittstock and Burow 2010).

The obtained results thus showed that the direct use of
the flower powder is prevented by MYR activity, which in
turn cannot be thermally deactivated without a great loss
in GSLs.

@ Springer

The production of flower extracts overcame these issues
and, furthermore, offered the advantage of concentrating
bioactive compounds, such as GSLs, in a water-soluble
powder, allowing their incorporation in sugar syrup for-
mulations. The predominant GSLs were GRA and dimeric
4-MB GSL in E. sativa, and 2-(a-L- rhamnopyranosyloxyl)
benzyl GSL in R. [utea extracts, respectively. Some authors
speculated that dimeric 4-MB GSL is formed by non-enzy-
matic oxidation of 4-mercaptobutyl-GSL (4-MB GSL) in
the extraction and purification process (Bennett et al. 2002).
However, Cataldi et al. showed, by preventing oxidation
throughout derivatization of the sulfur in the GSL side
chain, that the disulfide is a naturally occurring GLS in E.
sativa leaves (Cataldi et al. 2007).

The palatability and tolerability experiments showed
that the syrup consumption by newly emerged bees was
negatively affected by the presence of the extracts and by
increasing concentrations. Extracts also caused a concen-
trations dependent reduction in bee survival compared to
control, which was more pronounced for R2 compared to
E2, while no significant difference between the E4 and R4
was observed. The lowest concentration of both extracts, E2
and R2, when administered to six-day-old bees artificially
infected with N. ceranae spores, exhibited food consump-
tion comparable to the control sugar syrup, although a slight
decrease in bee survival was still observed. The different
age of bees between the two trials could have affected their
acceptance and tolerance of the extracts. Moreover, at the
same lower concentration, both treatments showed a signifi-
cant inhibitory effect on V. ceranae abundance development
in bees compared to control, while no difference was found
between the two extracts. It should be noted that, in other
studies, although plant extracts tested against N. ceranae
infection showed high toxicity to bees in laboratory cages,
they did not produce negative effects if tested at the whole-
colony level (Chaimanee et al. 2021; Ugolini et al. 2021a).

The results demonstrate that bees can metabolize floral
GSLs into ITCs as their adducts were detected in gut tis-
sues collected from the palatability and tolerability trials.
Detectable amounts were found after two days of feeding,
indicating a relatively rapid metabolism of ingested GSLs.
ITC concentrations were influenced by multiple interact-
ing factors, and they tended to accumulate in the hindgut,
while ITC derived from R. lutea were generally higher
than those from E. sativa, particularly over longer feed-
ing periods. This indicated the presence of a MYR-like
enzyme capable of hydrolyzing GSLs into ITCs as previ-
ously observed (Ugolini et al. 2021a). The origin of this
MYR-like enzyme—whether it is part of the bee’s endog-
enous B-glucosidase system or derived from the gut micro-
biota—is still unknown. The higher levels of ITCs from R.
lutea could be due to greater ITC stability, higher MYR-like
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enzyme affinity, or reduced metabolism by bee detoxi-
fication enzymes. Accumulation in the hindgut is partly
expected as caged bees did not defecate during the trial, and
confirmed results obtained in previous studies (Nanetti et al.
2021b; Ugolini et al. 2021a). ITCs, thus produced at the site
of infection, could be considered the main contributors to
the inhibitory activity of the extracts given their well-known
antimicrobial properties, however, the contribution of other
compounds cannot be excluded. Borges et al. tested D, L-SF,
the hydrolysis product of the main GSL in E. sativa extract,
as pure compound in laboratory trials on artificially infected
bees and observed a strong inhibitory activity against M.
ceranae (64% abundance reduction with 0.316 pmol/bee of
SF over a period of 16 d.p.i.), but also a high toxicity, with
reduced bee survival at high concentrations (Borges et al.
2020). The concentrations were higher than those used in
this study, especially given the low GSL-to-ITC conversion
rate observed when GSLs instead of pure ITCs are admin-
istered. Nanetti et al. evaluated candy supplemented with
E. sativa defatted seed meals, in which the reduced form of
GRA (GER) represented the main GSL, and reported about
50% inhibition at two concentrations (2 and 4% w/w) in
similar trials (Nanetti et al. 2021b). However, in that study,
N. ceranae abundance in control saples registered at the end
of the trial was much lower than that obtained in the pres-
ent work. These findings highlight how formulation, GSL
profile or infection load can strongly influence the efficacy
of the tested molecules. To the best of our knowledge, no
studies have yet investigated the antimicrobial properties of
dimeric 4-MB ITC detected in the floral £. sativa extract or
2-(0-L- rhamnopyranosyloxyl) benzyl ITC derived from R.
lutea, whereas the antimicrobial activity of SF has been far
more extensively studied (Moon et al. 2010; Krause et al.
2021). Its activity is thought to involve disruption of patho-
gen membrane integrity and activation of the ROS signal-
ing pathway (He et al. 2024). Antibacterial, antioxidant and
cytotoxic activities of R. /utea extracts or essential oil have
been described by other authors (Sales et al. 2017; Asadi-
Samani et al. 2019; Kiziltag 2022). Alkaloids, flavonoids,
saponins, anthocyanin, glucosides and tannins are consid-
ered active compounds contributing to the biological effects
of R. lutea (Ali Esmail Al-Snafi 2022).

This is the first study investigating the potential of .
sativa and R. lutea flowers and the development of formula-
tions rich in bioactive compounds for the containment of
bee pathogens and, namely, of N. ceranae, as a safer and
more sustainable alternative to conventional antibiotics.
These products have the potential to protect bee health,
especially if employed within an integrated management
framework aimed at reducing the emergence of treatment
resistance. Furthermore, like other plant extracts, they can
be incorporated into feed or sugar syrups, making their

administration practical and compatible with standard bee-
keeping practices. The development of such natural formu-
lations represents a promising strategy to support colony
health and productivity while aligning with ecological and
food safety considerations. Many aspects, however, need
further investigation as the anti-N. ceranae activity under
laboratory conditions was accompanied by an evident fit-
ness cost for the host, indicating that the tested doses may
approach the upper limit of bee tolerance. Testing lower
concentrations, mixing extracts from different species and
try different administration timings, for example, may help
improving efficacy while minimizing adverse effects on
bee survival. Moreover, future studies should be conducted
in field conditions to evaluate the effect of these extracts
within the hive superorganism.
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